DORSAL ROOT GANGLION (DRG) neurons including nociceptors are relatively unique in expressing Na v 1.7 and Na v 1.8 voltagegated sodium channels. Na v 1.8, which was initially termed sensory neuron specific (Akopian et al. 1996; Sangameswaran et al. 1996) , is tetrototoxin-resistant (TTX-R) and is unusual in exhibiting a voltage dependence of fast inactivation that is shifted 20 -30 mV in a depolarizing direction compared with other voltage-gated sodium channels (Akopian et al. 1996; Cummins and Waxman 1997; Sangameswaran et al. 1996) . Na v 1.8 is also characterized by relatively rapid repriming (recovery from inactivation; Cummins and Waxman 1997; Dib-Hajj et al. 1997; Elliott and Elliott 1993) .
Previous studies demonstrated that Na v 1.8 produces Ն60% of the inward transmembrane current underlying the depolarizing upstroke of the action potential (Blair and Bean 2002; Renganathan et al. 2001 ) and supports repetitive firing in response to sustained depolarization in cells in which it is expressed. Moreover, as a result of physiological coupling between activities of Na v 1.7 and Na v 1.8 within DRG neurons, Na v 1.8 also plays a critical role in producing hyperexcitability in DRG neurons housing Na v 1.7 mutations, which depolarize membrane potential and produce inherited erythromelalgia (Rush et al. 2006) . Na v 1.8 expression is not static within DRG neurons; on the contrary, levels of expression of Na v 1.8 change during development (Benn et al. 2001 ) and after various pathological insults to these cells (Black et al. 2008; Cummins and Waxman 1997; Novakovic et al. 1998; Sleeper et al. 2000; Tanaka et al. 1998; Thakor et al. 2009) .
A TTX-sensitive (TTX-S) voltage-gated sodium channel that is preferentially expressed within DRG neurons, Na v 1.7 (Toledo-Aral et al. 1997) , also exhibits unique properties including slow closed-state inactivation and relatively hyperpolarized voltage dependence, which permit it to respond to small slow depolarizations that are subthreshold with respect to the action potential . As a result of its relatively slow repriming, Na v 1.7 does not contribute substantially to the depolarizing upstroke of all-or-none action potentials within high-frequency trains . A number of lines of evidence, both from normal DRG neurons (Blair and Bean 2002) and those housing mutant Na v 1.7 channels (Rush et al. 2006) , indicate that Na v 1.7 and Na v 1.8 work together in the generation of repetitive firing within DRG neurons, with Na v 1.7 acting within the subthreshold range to amplify small inputs by producing graded depolarizing responses and Na v 1.8 providing the majority of the inward current responsible for the upstroke of all-or-none action potentials during repetitive firing.
In the present study, we have examined the question of how the level of expression of Na v 1.8 affects the function of DRG neurons that also express Na v 1.7. Conversely, since levels of expression of Na v 1.7 can change in response to a spectrum of insults including peripheral nerve injury, inflammation within peripheral projection fields, and limb amputation (Bird et al. 2007; Black et al. 2004; Coward et al. 2000 Coward et al. , 2001 Kim et al. 2002; Kretschmer et al. 2002) and in other disease states (Luo et al. 2008; Strickland et al. 2008 ) and functional Na v 1.7 channels are absent within DRG neurons in channelopathyassociated insensitivity to pain (Ahmad et al. 2007 ; Cox et al. 2006; Goldberg et al. 2007 ), we examined the affects of variations in the level of expression of Na v 1.7 in DRG neurons in which Na v 1.8 is present.
MATERIALS AND METHODS
Computer simulations. The electrical properties of small sensory neurons were simulated using the NEURON program (version 7.1) (Hines and Carnevale 1997) . Sodium and potassium conductances in the present study incorporated parameters described in previous reports Sheets et al. 2007 ). Conductances were modeled using Hodgkin and Huxley-type (HH) descriptions (Hodgkin and Huxley 1952) of the various voltage-dependent currents. For analysis of theoretical electric charge movements passing though model sodium channels, we calculated area under the sodium current using OriginPro 8.1 software (Microcal, Northampton, MA) .
Passive membrane properties of the model neuron. Action potential firing was studied using a single compartment cylindrical model of length 30 m and radius 23 m, simulating a small sensory neuron with a 2,168 m 2 surface area and 20.2 pF/cm 2 capacitance, based on electrically and microscopically measured values (Choi et al. 2007 ). The specific resistance of the cytosol was set to 123 ⍀/cm. Simulations were performed assuming a temperature of 22°C, the temperature at which the experimental data were recorded (Choi et al. 2007 ). The integration method was Backward Euler at an integration time step dt of 0.025 ms. Simulations were performed assuming free ionic concentrations of sodium
, which were used to calculate Nernst reversal potentials of ϩ67.1 mV (E Na ) and Ϫ84.7 mV (E K ), respectively. By analogy to the HH model of action potential electrogenesis, the linear leakage current was defined as I Leak ϭ g Leak * (V Ϫ E Leak ), where g Leak is the leak conductance, V is the membrane potential, and E Leak is the reversal potential for the leak current. E Leak was set at Ϫ58.91 mV. To set the membrane potentials of Ϫ50, Ϫ55, Ϫ65, and Ϫ70 mV, we added constant current injection of 25.64, 9.55, Ϫ7.24, and Ϫ13.74 pA, respectively. The size of the current was adjusted so that its amplitude corresponded to an input resistance of 579 M⍀: g Leak ϭ 0.0000575 S cm Ϫ2 , similar to that reported for small DRG neurons (Choi et al. 2007) .
Voltage-dependent currents. The DRG neuron model included a leak conductance, two potassium conductances (A-type and delayed rectifier), and, since we wanted to study the interactions of Na v 1.7 and Na v 1.8, two voltage-sensitive sodium conductances: Na v 1.7 conductance and Na v 1.8 conductance. We included a delayed rectifier conductance and a transient potassium conductance to reflect the predominant potassium conductances in small DRG neurons, a sustained (delayed rectifier type, K DR ) conductance and a transient (A-type, K A ) conductance (Gold et al. 1996b ). The majority of small (Ͻ25 m diameter) DRG neurons exhibit both TTX-S and -R currents (Cummins and Waxman 1997). Although many small DRG neurons express more than one TTX-S sodium channel isoform (Black et al. 1996) , the major TTX-S current in the majority of small DRG neurons appears to be produced by Na v 1.7 . For this reason, and because we wanted to study Na v 1.7 and Na v 1.8 in isolation, the only TTX-S conductance included in our model simulates Na v 1.7. Two TTX-R channels, slowly inactivating Na v 1.8 and persistent Na v 1.9 are present in small DRG neurons (Cummins et al. 1999 ). The persistent TTX-R current is largely inactivated by ultra-slow inactivation and tends to be negligible when the cells are held at approximately Ϫ60 mV (Cummins et al. 1999) . Because of this, and because we wanted to study Na v 1.7 and Na v 1.8 in isolation, we only included Na v 1.8 as the sole TTX-R current in our model neuron. Specific details of the current models are given below. Throughout the text, we refer to the level of expression of Na v 1.7 and Na v 1.8 by normalizing them to the normal level (100%) of expression; 15 nA at Ϫ10 mV and 25 nA at Ϫ5 mV, respectively. K DR potassium current. The K DR current was defined as: I KDR ϭ g KDR * n * (V Ϫ E k ), where g KDR is the delayed rectifier potassium conductance and n is a dimensionless activation variable that varies between 0 and 1. The kinetic characterization of the channel described by Schild et al. (1994) has been used with alpha n ϭ 0.001265 * (V ϩ 14.273)/{1 Ϫ exp[(V ϩ 14.273)/Ϫ10]}; beta n ϭ 0.125 * exp(V ϩ 55/Ϫ2.5); and n inf ϭ 1/{1 ϩ exp[(V ϩ 14.62)/Ϫ18.38]}. The peak conductance for K DR (g KDR ) was set to 0.0035 S/cm 2 , which corresponds to 6 nA potassium current at 0 mV. K A potassium current. The K A current was defined as: I KA ϭ g KA * n * h * (V Ϫ E k ), where g KA is the A-type potassium conductance and n and h are dimensionless activation and inactivation variables, respectively, that vary between 0 and 1. The kinetic characterization of the channel described by Gold et al. (1996b) has been used with
The peak conductance for K A (g KA ) was set to 0.0055 S/cm 2 , which corresponds to 1 nA potassium current at 0 mV. Na v 1.7 sodium current. The TTX-S sodium conductance from small DRG neurons was fitted to the conventional HH model for sodium conductance: I Nav1.7 ϭ g Nav1.7 * m * m * m * h * s * (V Ϫ E Na ), where g Nav1.7 is the WT fast inactivating Na v 1.7 sodium conductance and m, h, and s are dimensionless activation, fast inactivation and slow inactivation variables, respectively, that vary between 0 and 1. The kinetic characterization of the Na v 1.7 channel described by Sheets et al. (2007) [(v Ϫ 384.9 )/28.5]}. The peak current of 15 nA was modeled by setting the peak value g Nav1.7 to 0.018 S/cm 2 . Na v 1.8 sodium current. The Na v 1.8 sodium current (I Nav1.8 ) was best fit with a HH model that employed only one activation gate: I Nav1.8 ϭ g Nav1.8 * m * h * (V Ϫ E Na ), where g Nav1.8 is the Na v 1.8 sodium conductance and m and h are dimensionless activation and inactivation variables that vary between 0 and 1. Based on previous reports Sheets et al. 2007 ), we defined the following equations for Na v 1.8 m and h: (Choi et al. 2007; Cummins and Waxman 1997) .
RESULTS
To investigate how the levels of expression of Na v 1.7 and Na v 1.8 affect the excitability of DRG neurons, we simulated sensory neuron membrane conductances and analyzed firing properties in the single compartment model using the NEURON modeling program (Hines and Carnevale 1997) . We used four HH-type ion channel conductances (Na v 1.7, Na v 1.8, K DR , and K A ) that have been previously described in the literature (Gold et al. 1996b; Herzog et al. 2001; Schild et al. 1994; Sheets et al. 2007 ) and that are shown in Fig. 1 . The current amplitudes were adjusted to match maximum conductances to the results of previous reports (Choi et al. 2007; Yang et al. 2004 ). The resultant peak currents for Na v 1.7 and Na v 1.8 were 15.2 nA at Ϫ10 mV depolarization and 25.4 nA at Ϫ5 mV depolarization, respectively. The resultant peak currents for K A and K DR in response to a 0 mV depolarizing pulse from a holding potential of Ϫ120 mV were 1.0 nA and 6.0 nA, respectively. The shape of simulated action potentials ( Fig. 1E ) was similar to that shown for small DRG neurons in previous reports (Choi et al. 2007; Fang et al. 2006; Stucky and Lewin 1999) .
Effect of varying Na v 1.7 expression. In the first series of simulations, we modeled a neuron with a variable level of Na v 1.7 conductance in the presence of a full level (100% expression) of Na v 1.8 (i.e., g Nav1.8 ϭ 26 mS/cm 2 ) to assess the effect of Na v 1.7 expression on our model neuron. At membrane potentials more negative than Ϫ50 mV, increasing expression of Na v 1.7 reduced current threshold (sometimes referred to as rheobase), i.e., the minimal injected current required to generate an all-or-none action potential ( Fig. 2A ). There was a reduction in the dependence of current threshold on membrane potential, i.e., the slope of the threshold-membrane potential relationship, as the level of expression of Na v 1.7 increased (Fig. 2B ). The change of excitability was dependent on membrane potential. There was a smaller change in current threshold with variation in the level of Na v 1.7 expression if the membrane potential was more depolarized ( Fig. 2A) . The voltage threshold for the action potential, measured at the beginning of the sharp upward rise of the depolarizing phase of the action potential, was not changed either by varying the level of expression of Na v 1.7 or the membrane potential (Fig. 2C) .
To determine whether the smaller effect of Na v 1.7 conductance at depolarized membrane potentials results from increased inactivation of Na v 1.7, we replaced the original Na v 1.7 with a model in which the dependence of steady-state inactivation was shifted 35 mV in a depolarized direction, similar to the membrane potential at half-maximal voltage-dependent steady-state inactivation of Na v 1.8 in this study (Fig. 2D ). In this model, there was a smaller reduction in the dependence of current threshold on membrane potential as Na v 1.7 expression increased (compare the slopes of the current threshold-membrane potential relationships in the presence of 200% Na v 1.7 in Fig. 2 , B and D), indicating that membrane potential-dependent current threshold changes are a result of increased inactivation and thus reduced availability of Na v 1.7. These results demonstrate that higher levels of expression of Na v 1.7 reduce but do not completely eliminate the dependence of current threshold on membrane potential.
To examine the effects of Na v 1.7 on action potential firing, we first studied a cell expressing Na v 1.7 and Na v 1.8 at 100% of normal levels, stimulated by 1-s injections of current (Fig. 3A) . In this model, the threshold for evoking a single action potential, from a resting potential of Ϫ60, was 83 pA. Two or more action potentials were elicited when current injection was Ͼ160 pA. Interestingly, the response to 200 pA current injection showed subthreshold oscillations in the intervals between action potentials (see box in Fig. 3A ), suggesting that coexpression of Na v 1.8 and Na v 1.7 supports subthreshold oscillations and repetitive firing.
To assess the relative contributions of the two sodium conductances to subthreshold oscillations and repetitive firing, we analyzed the currents and channel states during the action potential train evoked by 200-pA current injection (Fig. 3B ). While Na v 1.8 was a major contributor of inward current in all action potentials evoked by prolonged stimulation, the largest contribution of Na v 1.7 current was confined to the depolarizing (upward) phase of the first action potential and it rapidly diminished during the second and third action potentials (Fig.  3, C and D) . There was a relatively small Na v 1.7 current during subthreshold oscillations (Fig. 3D) . Although the activation states of Na v 1.7 and Na v 1.8 during subthreshold oscillations were similar, fast inactivation of Na v 1.7 rapidly increased from 0.8 at rest to approach 1.0 during the first action potential and, after a brief return to 0.9 during the first interspike interval, approached 1.0 during subsequent subthreshold oscillations and action potentials (Fig. 3E) .
Our observation of nearly complete inactivation of Na v 1.7 during oscillations suggested that these oscillations are not dependent on Na v 1.7 current. To confirm that Na v 1.8 alone can support subthreshold oscillations and repetitive firing in cells containing K DR and K A conductances, we examined the response to 200 pA current injection in neurons that have only either Na v 1.7 or Na v 1.8 conductance (Fig. 4) . In a cell with a full (100%) level of Na v 1.7 conductance in the absence of Na v 1.8, action potential generation failed at 200 pA current injection (Fig. 4A ) and subthreshold oscillation was not observed even at higher level (500 pA) of injection current (Fig.  4B) . On the contrary, as shown in Fig. 4C , expression of Na v 1.8, in the absence of Na v 1.7, can support subthreshold oscillations in response to 200 pA injection current. Coexpression of Na v 1.7 together with Na v 1.8 increased the amplitude of subthreshold oscillations (Fig. 4 , D, black arrow, and E) and resulted in generation of action potentials at reduced interspike intervals, compared with the neuron expressing Na v 1.8 alone.
To check whether the larger subthreshold oscillations in the presence of Na v 1.7 resulted from the additional Na v 1.7 current, Voltage-clamp traces show the simulated Na v 1.7 current (A), Na v 1.8 current (B), K DR current (C), and K A current (D). Model neuron was held at Ϫ120 mV and stepped to voltages between Ϫ80 and ϩ40 mV with 10-mV increment. Note the different time scales for A and C and for B and D. E: current-clamp simulation of the model neuron containing leak current, K DR current, K A current, Na v 1.8 current, and Na v 1.7 current. Neuron was stimulated for 0.5 ms in 100 pA increments to show just-suprathreshold (-; 1023 pA) or subthreshold responses (--; 923 pA) as well as suprathreshold (···; 1,123 pA). INTERACTIONS BETWEEN Na V 1.7 AND Na V 1.8 we compared the current produced by a cell expressing Na v 1.7 and Na v 1.8 (same as Fig. 3D ) with the current of a cell expressing Na v 1.8 alone (Fig. 4F) . The Na v 1.8 current in the presence of Na v 1.7 was larger than the Na v 1.8 current in a cell producing only Na v 1.8, even though Na v 1.7 produces less than 2 pA (see the third oscillation). To estimate the change of membrane potential produced by such a small current, we measured the input resistance of the active model cell, with all other channels present, in the relevant voltage ranges which are near the voltage threshold using just-subthreshold current injection. The input resistances for a cell containing Na v 1.8 only (estimated with 84, 85, and 86 pA of current injection; 87 pA was the current threshold) and for a cell containing Na v 1.7 and Na v 1.8 (80, 81, and 82 pA of current injection; 83 pA was the current threshold) were 620.80 and 682.35 M⍀, respectively. These values for input resistance are close to those reported by Choi et al. (2007) and Renganathan et al. (2001) . On the basis of these estimates of input resistance, 2 pA of Na v 1.7 current is estimated to produce Ͼ1 mV depolarization of membrane potential near the voltage threshold, consistent with the suggestion that the small current produced by Na v 1.7 current can reduce the current threshold.
Effect of varying Na v 1.8 expression. We next simulated the effect of varying the level of Na v 1.8 conductance in the presence of a full level (100%) of Na v 1.7 to examine the question of how the level of expression of Na v 1.8 affects the function of our model neuron. Similar to Na v 1.7, at all membrane potentials, expression of Na v 1.8 reduced the current threshold (Fig. 5A) . However, the dependence of current threshold on membrane potential was eliminated or reversed by expression of Na v 1.8 at Ͼ50% of normal values (Fig. 5B) , in contrast to Na v 1.7, which did not display this inversion (Fig.   Fig. 2 . A: Na v 1.7 dependence of current threshold for action potential (AP) generation. Current thresholds were determined by 1-pA step current injections followed by 500 ms of a membrane potential (Ϫ70 mV, □; Ϫ65 mV, OE; Ϫ60 mV, ; Ϫ55 mV, ; Ϫ50 mV, छ) before test current injection in model neuron containing leak current, K DR current, K A current, and Na v 1.8 current with variable conductance of Na v 1.7. Membrane potential was set by constant current injection (Ϫ13.74 pA for Ϫ70 mV, Ϫ7.24 pA for Ϫ65 mV, 9.55 pA for Ϫ55 mV, and 25.64 pA for Ϫ50 mV) from a membrane potential of Ϫ60 mV. B: membrane potential dependence of current threshold of the AP. Current thresholds were determined using a series of 1 s. current injections at by 1-pA increments, each followed by 500 ms without current injection, in a model neuron containing leak current, K DR current, K A current, and Na v 1.8 current with varying conductance of Na v 1.7 (0 mS/cm 2 , □; 9 mS/cm 2 , OE; 18 mS/cm 2B). In addition, in contrast to Na v 1.7, voltage thresholds for action potential generation were decreased by increases in Na v 1.8 conductance at a level of Ն 30%, at all three membrane potentials tested (Ϫ50, Ϫ60, and Ϫ70 mV; Fig. 5C ).
To assess whether the effect of Na v 1.8 conductance results from the depolarized steady-state inactivation of Na v 1.8, we replaced the original Na v 1.8 in the model with a modified Na v 1.8 in which the voltage-dependence of steady-state inactivation was 35 mV more hyperpolarized to mimic that of other sodium channels. When this modified Na v 1.8 was used to replace the original Na v 1.8, the current threshold increased as membrane potential was depolarized at all levels of expression of Na v 1.8 (Fig. 5D) . The plots at all levels of expression of Na v 1.8 were similar to those with 0% original Na v 1.8 (see Fig.  5B ) and, moreover, did not show a dependence on Na v 1.8 conductance (Fig. 5D ). For comparison to Fig. 2D , we also checked the effect of varying the level of Na v 1.7 conductance in the model with the hyperpolarized Na v 1.8 (Fig. 5E) . In contrast to the model cell expressing the original Na v 1.8 (Fig.  2B) , the current threshold for action potential generation was increased at more depolarized membrane potentials with all levels of expression of Na v 1.7.
These results suggest that the reduction in current threshold upon depolarization in cells expressing high levels of Na v 1.8 results from the relative insensitivity of availability of Na v 1.8 to changes in membrane potential (because of the depolarized voltage dependence of inactivation of Na v 1.8) and the reduced voltage drop required to reach the activation voltage for Na v 1.8 channels, which remain available even when the membrane potential is depolarized. In contrast, in neurons which lack Na v 1.8, such as sympathetic ganglion neurons (Rush et al. 2006 ), a depolarized membrane potential renders the cell hypoexcitable as shown by the curve for 0% Na v 1.8 (closed squares) in Fig. 5B (where the asterisks indicate that only graded potentials, and not all-or-none action potentials, could be evoked from a resting potential of Ϫ55 mV and Ϫ50 mV), because of inactivation of other sodium channels such as Na v 1.7, which is the only sodium channel that can generate an action potential in the model neuron.
To study the effect of expression of Na v 1.8 on action potential firing in response to sustained stimuli, we examined the response to 1-s injections of 100 pA current at a membrane potential of Ϫ60 mV (Fig. 6A) . The model neuron expressing Na v 1.8 at 50% of normal levels responded with graded passive Fig. 3 . Subthreshold oscillations and repetitive firing. A: APs in model neuron containing leak, K DR , K A , Na v 1.7, and Na v 1.8 current were generated by a series of current injections (100 -500 pA) from Ϫ60-mV membrane potential. B: rescaled representative APs during first 150 ms at 200 pA (box in A). Current (C and D) and states (E) of Na v 1.7 (--) and Na v 1.8 (-) channel during subthreshold oscillations and repetitive firing shown in B. To identify the contribution of currents during oscillations, the currents in C were rescaled in D. Black, red, and blue lines in state (E) represent dimensionless activation, fast inactivation, and slow inactivation variables, respectively, to indicate the scale of state (0 is fully closed and 1 is fully open for activation; 0 is no inactivated and 1 is completely inactivated for inactivation). Note that the y-axis scale for Na v 1.8 current (C and D) is 10 times larger than for Na v 1.7 current. depolarization and did not generate an all-or-none action potential in response to this stimulus. Expression of Na v 1.8 at a level of Ն60% of normal was required for generation of overshooting action potentials, and increasing the level of expression of Na v 1.8 Ͼ60% increased the amplitude and accelerated time-to-peak of the action potential, which displayed an inflection of the falling phase (Fig. 6B) . The duration of the action potential (width at 50% of spike height) began to reach an asymptote when expression of Na v 1.8 was Ͼ80% (Fig. 6C) .
To further analyze the contributions of Na v 1.7 and Na v 1.8 to action potential electrogenesis, we analyzed Na v 1.7 and Na v 1.8 current and ionic charge movement during the action potential in response to suprathreshold current injection (Fig. 7) . In the absence of Na v 1.8, the action potential did not show clear overshoot, so that we defined suprathreshold stimulation as the injection current that evoked a response reaching 0 mV. In the absence of Na v 1.8 (0%), the action potential depolarization was produced solely by Na v 1.7 and a large Na v 1.7 current was present during the action potential. Peak amplitudes of Na v 1.7 current were smaller for action potentials evoked in cells with Na v 1.8 at levels of 50 to 200%, while the amplitude of Na v 1.8 current was increased in proportion to its conductance (Fig.  7A) . Expression of Na v 1.8 at Ͼ20% resulted in attenuation of Na v 1.7 current and charge movement during generation of an action potential, calculated by measuring the area under the Na v 1.7 and Na v 1.8 current (Fig. 7B) .
We also examined action potential frequency-current curves to assess the effects of changes in the level of expression of Na v 1.7 and Na v 1.8 on the excitability of the simulated neuron. Varying the conductance of Na v 1.7 did not affect the frequency of action potentials at a fixed level of injection current, although depolarization of membrane potential lowered the current threshold (Fig. 8, A-C) . In contrast, increasing the Na v 1.8 conductance increased the frequency of action potentials at each level of injection current. Depolarization of membrane potential increased the frequency of action potentials at low stimulus levels in cells expressing Na v 1.8 at levels Ն100% (Fig. 8, D-F) .
DISCUSSION
DRG neurons express both TTX-S and TTX-R voltagegated sodium channels. Na v 1.8 is a major TTX-R sodium channel in small DRG neurons and shows unique properties including slow kinetics, depolarized voltage-dependence, and rapid recovery from inactivation, compared with other sodium channels (Akopian et al. 1996; Cummins and Waxman 1997; Dib-Hajj et al. 1997; Elliott and Elliott 1993) . In contrast, Na v 1.7 is one of TTX-S sodium channels in DRG neurons and, as a result of slow closed-state inactivation and relatively hyperpolarized voltage-dependence, produces a ramp current in response to small slow depolarizations that are subthreshold with respect to the action potential; Na v 1.7 is also characterized by slow recovery from inactivation .
Like other modeling studies, our simulations are based on multiple assumptions and should be interpreted as providing qualitative rather than quantitative results (see Hines and Carnevale 1997; Koch 2004 for discussion). While inclusion of Na v 1.7 as the only TTX-S channel, and Na v 1.8 as the only TTX-R channel, in our single-compartment model is undoubtedly oversimplified, our simulations provide an opportunity to assess the contributions of, and interactions between, Na v 1.7 and Na v 1.8 in electrogenesis within an isopotential cell compartment. In this regard, our results extend previous experimental results that examine the effects of presence (100% expression) vs. absence (0% expression) of Na v 1.8 in cells that D) in cell containing both Na v 1.7 and Na v 1.8 (red trace) than in a cell containing Na v 1.8 alone (blue trace). F: superimposed Na v 1.7 current (green dotted trace) and Na v 1.8 current (red trace) for cell containing both Na v 1.7 and Na v 1.8, and Na v 1.8 current (blue trace) for a cell containing Na v 1.8 alone, during subthreshold oscillations and repetitive firing shown in E. Dotted line indicates 0 pA. Vertical scale bar represents 5 pA for Na v 1.7 and 50 pA for Na v 1.8. Fig. 5 . A: Na v 1.8 dependence of current threshold for AP generation. Current thresholds were determined by 1 pA step current injections followed by 500 ms at the holding voltage (Ϫ70 mV, ; Ϫ65 mV, □; Ϫ60 mV, ; Ϫ55 mV, OE; Ϫ50 mV, ' ) before test current injection in model neuron containing leak, K DR , K A and Na v 1.7 current with variable conductance of Na v 1.8. Membrane potential was set by constant current injection (Ϫ13.74 pA for Ϫ70 mV, Ϫ7.24 pA for Ϫ65 mV, 9.55 pA for Ϫ55 mV, 25.64 pA for Ϫ50 mV). B: membrane potential dependence of current threshold of AP generation. Current thresholds were determined using a series of 1 s. current injections at 1 pA increments, each followed by 500 ms without current injection, in a model neuron containing leak current, K DR current, K A current, and Na v 1.7 current with varying conductance of Na v 1.8 (0 mS/cm 2 , ; 13 mS/cm 2 , □; 26 mS/cm 2 , ; 39 mS/cm 2 , OE; 52 mS/cm 2 , ' ). Asterisk shows because of failure of the cell to produce overshooting APs from membrane potentials between Ϫ55 and Ϫ50 mV in the absence of Na v 1.8, current thresholds were estimated from the injected current that evoked a response reaching 0 mV of depolarization. C: Na v 1.8 dependence of voltage threshold of the AP defined as described in Fig. 2C . D and E: membrane potential dependence of current threshold of the AP in a model neuron in which the voltage dependence of steady-state inactivation of Na v 1.8 was hyperpolarized by 35 mV. 3179 INTERACTIONS BETWEEN Na V 1.7 AND Na V 1.8 express a normal level (100%) of Na v 1.7 (Rush et al., 2006) or that examine up-or downregulation of Na v 1.8 or Na v 1.7 in DRG neurons that contain a full ensemble of other Na v channels (Hudmon et al. 2008; Harty et al. 2006 ). Whether our results can be extrapolated to other DRG cell compartments, e.g., axon or axon terminals, is not clear. Because resting potential for small DRG neurons falls between Ϫ50 and Ϫ60 mV (Choi et al. 2007; Fang et al. 2006) , only a small population of Na v 1.7 sodium channels (Ͻ5%) is available in these cells for generating an action potential from rest (Caffrey et al. 1992; Cummins et al. 1998) . While based on single-compartment simulations, our observations suggest several important aspects of the functional relationships between Na v 1.7 and Na v 1.8. The contribution of Na v 1.7 to action potentials evoked from a membrane potential of Ϫ60 mV in our simulations represented a very small fraction (only 0.94%) of total sodium current in a cell containing a full level (100%) Na v 1.8 (Fig. 7B) and rapidly diminished during a train of action potentials (Fig. 3, B-D) . Lack of availability of Na v 1.7, due to the accumulation of fast inactivation caused by relatively slow repriming, together with recovery of availability of Na v 1.8, which rapidly reprimes in the intervals between action potentials, makes repetitive firing dependent on the expression of Na v 1.8 (Fig. 3, B-D) .
Sympathetic ganglion neurons are, like DRG neurons, derived from neural crest. However, sympathetic ganglion neurons express Na v 1.7 as a major sodium channel along with lower levels of Na v 1.3 and Na v 1.6 but do not express Na v 1.8 (Rush et al. 2006) . Small depolarizations of membrane potential (ϳ5 mV) produced by expression of mutant Na v 1.7 channels renders sympathetic ganglion neurons hypoexcitable (Rush et al. 2006 ). Our simulation results (Fig. 5) show that AP generation fails at membrane potentials more depolarized than Ϫ55 mV in the absence of Na v 1.8, indicating that membrane potential plays an important role in determining neuronal excitability of neurons that do not express Na v 1.8. Depolarized membrane potential reduces the availability of Na v 1.7 conductance at rest and decreases the inward current required for action potential generation in these cells. In DRG neurons that express Na v 1.8, the availability of Na v 1.7 is limited to the beginning of sustained high-frequency trains, but residual availability of Na v 1.8 supports repetitive firing in response to sustained depolarization (Fig. 3, B 
-E).
Our simulations suggest that the level of expression of Na v 1.8 has a strong effect on DRG neuron excitability, especially at depolarized membrane potentials (Fig. 5B) . The voltage dependence of Na v 1.8 channels is more depolarized than for other sodium channels, and a substantial fraction of Na v 1.8 channels remain available at potentials where other sodium channels are largely inactivated. For example, 80% of Na v 1.8 channels are available even at a potential of Ϫ40 mV (Choi et al. 2007 ). Based on comparison of action potentials in DRG neurons from Na v 1.8 ϩ/ϩ and Na v 1.8
animals, Na v 1.8 channels have been estimated to contribute 80 -90% of the current that flows at the peak of the action potential . Similarly, Blair and Bean (2002) estimated that TTX-R currents contribute 60% of the action potential upstroke, compared with 40% for the TTX-S component. Our results show that, while voltage threshold for action potential generation does not depend on the level of expression of Na v 1.7, it falls (i.e., shifts in a hyperpolarizing direction) with increasing levels of expression of Na v 1.8. This may reflect the fact that, as more Na v 1.8 is added to the cell, the time integral of Na v 1.8 current during the depolarizing action potential upstroke rises while the time integral of Na v 1.7 current falls, so that the ratio of Na v 1.8 to Na v 1.7 current increases. The presence of Na v 1.8 may be especially important in nociceptive terminals, which contain Na v 1.8 (Black and Waxman 2002; Brock et al. 1998; Persson et al. 2010; Strassman and Raymond 1999; Zimmermann et al. 2007 ) but probably have a relatively depolarized resting potential (Carr et al. 2002) , especially since even small numbers of channels can have large effects on small-diameter axon endings due to their high input impedance (Donnelly 2008; Waxman et al. 1989) .
In previous reports, Schild et al. (1994) and Schild and Kunze (1997) simulated rat nodose sensory neurons using a variety of ion channel conductances including high and low threshold calcium conductances and calcium-activated potassium conductance. The sodium currents from the nodose neurons in their experimental results exhibited ϳ1 nA of peak current, and ϳ2 S and ϳ30 nS were used for the maximal TTX-S and TTX-R conductance, respectively, in their earlier model (Schild et al. 1994 ). In the latter study (Schild and Kunze 1997), they used 0.43 S maximal TTX-R conductance, a level that is Ͼ1,000 times smaller than in our simulation. Although the model cell that lacked TTX-R conductance in their simulation exhibited repetitive firing in response to a step depolarization, the simulated cell expressing both TTX-S and TTX-R conductance did not fire repetitively in response to a strong depolarization (Ͼ750 pA). It is now well known that Na v 1.8 is a major contributor for the repetitive firing in small DRG neurons (Blair and Bean 2003; Choi et al. 2007; Renganathan et al. 2001) . Since the results of the present study indicate that the level of sodium conductance plays an important role in regulating neuronal excitability, the failure of repetitive firing in the model reported by Schild et al. (1994) and Schild and Kunze (1997) appears to result from the low level of TTX-R conductance in their model.
Repetitive firing in injured sensory neurons is thought to contribute significantly to neuropathic pain and has been suggested to be related to intrinsic subthreshold membrane potential oscillations (Amir et al. 1999 (Amir et al. , 2002 Kovalsky et al. 2008) . Amir et al. (1999 Amir et al. ( , 2020 reported that subthreshold oscillations occur when cells are depolarized (greater than Ϫ50 mV) and observed that cells that did not show subthreshold oscillations did not display repetitive firing. Although they concluded that TTX-S sodium conductance contributes to the subthreshold oscillation, based on the finding that lidocaine and TTX eliminate the oscillation, they could not completely rule out an action of TTX-R conductance, which is a major contributor of electrogenesis in DRG neurons, in the subthreshold oscillations. In a subsequent simulation study (Kovalsky et al. 2008) , they used 80 mS/cm 2 maximal TTX-S sodium conductance, corresponding to Ϫ124 nA of current in their model cell, in the absence of TTX-R conductance, suggesting that this model cell may represent large DRG neurons or superior cervical ganglion neurons but not small nociceptive neurons. Our neuron simulations in the presence of Na v 1.7 and Na v 1.8 show subthreshold membrane potential oscillations in the interval between action potentials when the action potential frequency is low (Fig. 3) . These oscillations disappear in the absence of Na v 1.8 and are magnified by addition of Na v 1.7 in a cell containing Na v 1.8 (Fig. 4) . Our simulations thus suggest that the TTX-R conductance is a major contributor to repetitive firing in small DRG neurons, a result that is consistent with electrophysiological data (Blair and Bean 2003; Choi et al. 2007; Renganathan et al. 2001) . Our results also show that coexpression of Na v 1.7 increases the amplitude of subthreshold oscillations and decreases the interspike interval (Fig. 4D ). This result is especially notable since the Na v 1.7 current, while showing oscillations, is small during the interspike intervals. However, for a cell with input resistance of 500 M⍀, a 10-pA current injection would be expected to produce a 5-mV depolarization. In our Fig. 7 . APs evoked by suprathreshold current injection. A: APs in model neuron containing leak, K DR , K A , and 100% Na v 1.7 current were generated with variable Na v 1.8 conductance by supra-threshold current injection from a membrane potential of Ϫ60 mV. Supra-threshold currents were 370 pA for 0% Na v 1.8 (black), 106 pA for 50% (red), 83 pA for 100% (blue), 72 pA for 150% (green), and 65 pA for 200% (brown). B: charge movements passing though the model sodium conductance were calculated by measuring the area under Na v 1.7 () and Na v 1.8 () current. Note the large time integral of Na v 1.8 current associated with the AP, and the smaller time integral of Na v 1.7 current, as increasing levels of Na v 1.8 are added to the cell. INTERACTIONS BETWEEN Na V 1.7 AND Na V 1.8 model, the input resistances with all other channels present were 751.25 M⍀ (Na v 1.7 and Na v 1.8 both present) and 751.19 M⍀ (Na v 1.8 present alone) close to resting potential and were 620.8 M⍀ (Na v 1.7 and Na v 1.8) and 682.35 M⍀ (Na v 1.8 alone) close to threshold. These results suggest that Ͻ10 pA of sodium current can depolarize membrane potential by Ͼ6 mV at each of these membrane potentials. Our simulations (Fig. 3D  and 4F ) show that Na v 1.7 produces ϳ5 pA of sodium current between action potentials while Na v 1.8 produces 100ϳ200 pA in the region of oscillation. Although the amplitude of the Na v 1.7 current is Ͻ5% of that of Na v 1.8 current in the region of oscillation, several picoamperes of Na v 1.7 current would be expected to depolarize membrane potential by a few millivolts, opening even more Na v 1.8 channels and allowing more depolarization in a positive-feedback manner (Fig. 4F) . Thus an additional small current of Ͻ10 pA would be expected to bias the cell toward earlier firing.
Na v 1.8 is subject to multiple types of modulation and has been shown to respond to the application of inflammatory agents (Black et al. 2004; Gold et al. 1996a; Jin and Gereau 2006; Okuse et al. 1997; Tanaka et al. 1998) . Phosphorylation of Na v 1.8 by p38 MAPK kinase, modulated by pronociceptive cytokines such as tumor necrosis factor-␣ and neurotrophic growth factor, increases Na v 1.8 conductance by nearly 30% (Hudmon et al. 2008) . G protein activation by GTP␥S increases Na v 1.8 current (by ϳ67%) through a PKA/PKC mechanism (Saab et al. 2003) . PKC activation increases TTX-R sodium current (10 -30%), while PKC inhibition decreases the current (5-20%; Gold et al. 1998 ). The proinflammatory mediator prostaglandin E 2 increases the magnitude of TTX-R sodium current and induces a negative shift in the voltagedependent activation of TTX-R current through a PKA/PKC pathway (England et al. 1996; Gold et al. 1998) . Similarly, Na v 1.7 channel expression can change in response to a spectrum of insults including peripheral nerve injury, inflammation within peripheral projection fields, and limb amputation (Bird et al. 2007; Black et al. 2004; Coward et al. 2001; Coward et al. 2000; Kim et al. 2002; Kretschmer et al. 2002) and in other disease states (Luo et al. 2008; Strickland et al. 2008) . ERK1/2 MAPK kinase phosphorylates and alters its functional properties (Stamboulian et al. 2010) . Taken in the aggregate together with these observations, our results indicate that changes in the level of expression of Na v 1.7 and Na v 1.8 conductance may provide regulatory mechanisms that tune neuronal excitability in nociceptive DRG neurons.
